1. Introduction
===============

Accumulating evidence demonstrates clearly that heritable changes in gene expression driven by epigenetic mechanisms play an important role not only in early development, but also in the predisposition to future disease development. Currently, the critical role of epigenetic abnormalities, especially DNA methylation, in the pathogenesis of major human non communicable diseases, including cancer, metabolic syndrome, and cardiovascular and autoimmune disease, is well established \[[@B1-nutrients-07-02748],[@B2-nutrients-07-02748],[@B3-nutrients-07-02748],[@B4-nutrients-07-02748],[@B5-nutrients-07-02748],[@B6-nutrients-07-02748]\]. DNA methylation is indispensable for proper embryonic development as emphasized by Gaudet *et al.* \[[@B7-nutrients-07-02748]\]. Early embryonic development is of special interest as it is a crucial period in establishing individual epigenetic marks in the genome \[[@B8-nutrients-07-02748],[@B9-nutrients-07-02748]\]. Additionally, it has been hypothesized that successful health maintenance and health management in later life relies on better understanding of how early life nutrition affects the epigenome and influences the expression of genetic information and disease etiology \[[@B10-nutrients-07-02748],[@B11-nutrients-07-02748]\] in adulthood.

A major finding in the field of nutrition is discovering that dietary components may reshape the genome *in utero* and that epigenetic changes induced during early life may permanently alter the phenotype in the adult organism ([Figure 1](#nutrients-07-02748-f001){ref-type="fig"}) \[[@B12-nutrients-07-02748],[@B13-nutrients-07-02748]\]. A number of reviews have focused on maternal nutrition and its impact on epigenetic mechanisms along with studies addressing different types of exposure, such as nutritional factors, glucocorticoids, and endocrine-disrupting chemicals \[[@B11-nutrients-07-02748],[@B14-nutrients-07-02748],[@B15-nutrients-07-02748]\]. Because a maternal diet and/or early nutrition of the newborn may affect the phenotype later in adulthood \[[@B14-nutrients-07-02748],[@B15-nutrients-07-02748],[@B16-nutrients-07-02748]\], susceptibility of epigenetic mechanisms to the nutritional environment is a critical element in fetal development. However, insufficient knowledge exists in addressing how nutritional factors influence epigenetic mechanisms during fetal development and how to prevent potential negative effects on health. The impact of nutrition on genomic DNA methylation through one-carbon metabolism is well-documented. Specifically, it has been demonstrated that dietary deficiency or excess of the methyl group donors needed for the cellular methylation reactions can alter epigenetic patterns, which may persist for a long period and alter gene expression causing phenotypic changes. In contrast, the impact of diet on other epigenetic mechanisms, including histone modification, chromatin modifying proteins, and microRNA (miRNA) expression is poorly defined. Some dietary components may induce favorable epigenetic effects on the organism (health promoters), while others may cause rather unfavorable or negative epigenetic health effects. In this respect, it is of great importance to identify both the favorable and unfavorable epigenetic impact of dietary components.

This review highlights the nutritional epigenetic aspects of the contemporary maternal diet and summarizes current knowledge of the effect and importance of dietary components on DNA methylation, histone modifications, and miRNA expression in controlling the proper expression of development-related genes. Understanding the underlying mechanisms of how early-life nutritional environment affects our health can be valuable for successful prevention of adult chronic diseases through optimal maternal nutrition.

Dietary components (amino acids, high-fat or high-glucose diet, vitamins, bioactive factors,) can affect genome function and gene expression *in utero* and during early life, influencing epigenetic mechanisms through folate-mediated one-carbon metabolism or transmethylation pathways to affect DNA methylation, histone, or non-coding miRNAs.

![Overview of epigenetic mechanisms providing the link between the nutritional environment and phenotypical changes.](nutrients-07-02748-g001){#nutrients-07-02748-f001}

2. Epigenetic Mechanisms and Epigenome Stability
================================================

Epigenetics is defined as heritable changes in gene expression that are not due to any alteration in the primary DNA sequence. Epigenetics (in contrast to genetics, which represents fixed information, *i.e.*, the primary DNA sequence), signifies the way genetic information is organized, maintained, and read. Epigenetic modifications include the best-known and much studied methylation of DNA, modifications of the histone proteins that bind to DNA, the nucleosome positioning along DNA \[[@B17-nutrients-07-02748]\], and small and long non-coding RNAs (ncRNAs), including miRNAs.

In mammalian DNA, cytosines in the CpG dinucleotide context are commonly methylated. DNA methylation is involved in the normal development and maintenance of cellular homeostasis and functions in adult organisms, particularly for X-chromosome inactivation in females, genomic imprinting, silencing of repetitive DNA elements, regulation of chromatin structure, and control of gene expression. DNA methylation is well balanced in normal cells; however, it should be noted that genetic \[[@B18-nutrients-07-02748]\], environmental \[[@B19-nutrients-07-02748]\], and stochastic factors have distinct effects on DNA methylation patterns at individual genomic regions. In addition, DNA methylation at specific CpG-sites can also vary over time within an individual \[[@B20-nutrients-07-02748],[@B21-nutrients-07-02748]\]. The DNA methylation reaction is catalyzed by a family of DNA methyltransferases (DNMTs) \[[@B22-nutrients-07-02748]\]. DNA methylation is initiated and established by means of the *de novo* DNMTs, DNMT3A and DNMT3B \[[@B22-nutrients-07-02748]\]. Approximately 70%--90% of CpG dinucleotides in the mammalian genome are methylated; however, CpG sites are not distributed uniformly across the genome \[[@B23-nutrients-07-02748],[@B24-nutrients-07-02748],[@B25-nutrients-07-02748]\] and are concentrated in short regions (\<4 kb) of DNA with a high G + C content and a high frequency of CpG dinucleotides called "CpG islands". In normal cells, CpG sites located in CpG islands are unmethylated. In contrast, most of the remaining CpG sites of the genome are methylated. Cytosine methylation is a stable modification of the genomic DNA and the pattern of DNA methylation is inherited during DNA replication. This epigenetic process also dynamically changes during the lifespan in certain cells and tissues of an organism and is susceptible to nutritional and other environmental influences.

The second well-studied and more complex epigenetic mechanism that regulates chromatin structure and accessibility and transcriptional activities inside a cell involves modifications of histone proteins. These post-translational modifications of histone proteins play an important part in a wide array of cellular processes, including regulation of gene transcription, DNA repair, cell cycle, and metabolic control \[[@B26-nutrients-07-02748]\]. The histone modifications function by either influencing chromatin packaging or by recruiting and/or occluding other protein complexes. Histones (H2A, H2B, H3, and H4) are evolutionary conserved proteins that have a globular carboxy-terminal domain critical to a nucleosome formation and a flexible amino-terminal tail that protrudes from the nucleosome core and contacts adjacent nucleosomes in a higher-order structure. The amino-terminal tails of histones are subject to at least eight types of post-translational modifications, including acetylation, methylation, phosphorylation, ubiquitylation, sumoylation, biotinylation, and ADP ribosylation \[[@B26-nutrients-07-02748]\]. Acetylation and methylation of histone lysine residues are the most studied post-translational histone modifications.

Typically, histone acetylation, catalyzed by histone acetyltransferase (HAT) enzymes, is associated with the formation of open chromatin structure and active gene transcription. In contrast, histone lysine deacetylation, catalyzed by several different classes of histone deacetylases (HDACs), is associated with gene silencing \[[@B27-nutrients-07-02748]\]. For instance, transcriptional activation is associated with acetylation of residues K9 (lysine 9) and K14 (lysine 14), and methylation of residues K4 (lysine 4), K36 (lysine 36) in histone H3. Gene repression has been linked to H3K9, H3K27, and H4K20 methylation \[[@B28-nutrients-07-02748]\]. Deacetylated lysines are positively charged and interact strongly with the negatively charged DNA, which leads to chromatin condensation at gene promoters and transcriptional gene repression by limiting access to the transcription machinery \[[@B27-nutrients-07-02748]\]. A number of histone-modifying enzymes have been identified, including histone lysine and arginine methyltransferases, histone lysine demethylases, and HAT and HDAC proteins. The altered expression and/or activity of several histone-modifying enzymes has been linked to disease development \[[@B29-nutrients-07-02748]\].

Recently, extensive studies have indicated the existence and importance of another mechanism of epigenetic regulation of gene function mediated by means of miRNAs and other small and long ncRNAs. Currently, miRNAs are recognized as major regulatory gatekeepers of protein-coding genes in the human genome. They are small non-coding RNAs, 16--29 nucleotides-long, that function primarily as negative gene regulators at the post-transcriptional level. Following transcription, primary miRNAs form a stem-loop structure, which is recognized by the RNase III-type enzyme Drosha-creating precursor miRNAs. These precursor miRNAs are transported from the nucleus to the cytoplasm by Exportin-5. In the cytoplasm, the pre-miRNAs are further regulated by Dicer, an RNAase III enzyme, generating miRNA:miRNA hybrids. After unwinding, one strand of the duplex is degraded, and another strand is a mature miRNA. miRNAs can induce mRNA cleavage if complementarity to the 3′-untranslated region (3′-UTR) of target mRNAs is perfect, or translational repression if complementarity is imperfect. Currently, more than 2800 mammalian miRNAs that potentially target up to 60% of protein-coding genes involved in cell development and differentiation have been annotated \[[@B30-nutrients-07-02748],[@B31-nutrients-07-02748]\]. In addition to these miRNAs, 3707 novel miRNAs have been identified recently, many of which are human-specific and tissue specific \[[@B31-nutrients-07-02748]\]. This finding indicates that the human genome contains a substantially greater number of uncharacterized miRNAs that may be involved in disease development \[[@B31-nutrients-07-02748]\].

All components of the cellular epigenome (*i.e.*, DNA methylation, histone modifications, and miRNAs) are tightly and interdependently connected. For instance, DNA methylation depends on the pattern of histone modifications and functioning of histone modifying proteins. Likewise, the status of histone modifications relies on DNA methylation. Similarly, the expression of many miRNAs is epigenetically regulated either by DNA methylation or histone modifications \[[@B32-nutrients-07-02748]\]. On the other hand, several miRNAs directly target DNMTs and other chromatin modifying genes.

3. Evidence that Dietary Methyl Group Donors Are Involved in Early Epigenetic Mechanisms
========================================================================================

3.1. The Folate-Mediated One-Carbon Metabolism and DNA Methylation
------------------------------------------------------------------

Genomic DNA methylation is the addition of a methyl group from the universal methyl donor, *S*-adenosyl-[l]{.smallcaps}-methionine (AdoMet) to carbon five in the cytosine pyridine ring, resulting in the formation of 5-methylcytosine (5metC) in DNA ([Figure 2](#nutrients-07-02748-f002){ref-type="fig"}). As a consequence, DNA methylation depends upon the availability of methyl groups from AdoMet. This finding has identified the critical role of AdoMet as a key metabolite in the mechanism of DNA methylation. Folate, methionine, choline, betaine, and methylcobalamine affect DNA methylation through the FOCM pathway \[[@B33-nutrients-07-02748]\]. The major sources of methyl groups in human foods come from methionine (\~10 mmol of methyl/day), 5methylTHF (\~5--10 mmol of methyl/day), and from choline (\~30 mmoles methyl/day) \[[@B34-nutrients-07-02748]\]. Dietary deficiency in any of the factors leads to loss of DNA methylation in humans and experimental animals.

In general, nutrition conditions interfere with the epigenome in, at least, three ways ([Table 1](#nutrients-07-02748-t001){ref-type="table"}). First, nutrients influence the supply of methyl groups for the formation of AdoMet (e.g., methionine supplying or synthesis, homocysteine re-methylation, 5methylTHF supplying, MTHFR enzyme down regulation or activity). Additionally, nutrients modify utilization of methyl groups by mechanisms including shifts in methyl transferase activity in the trans-methylation reaction, and mechanisms related to a DNA demethylation activity. Secondly, nutrients modify chromatin remodeling, or lysine or arginine residues at the N-terminal of histone tails. Finally, nutrients may alter the expression of miRNAs that regulate the level of key FOCM pathway proteins \[[@B35-nutrients-07-02748],[@B36-nutrients-07-02748]\].

Alterations in the supply of methyl groups appear to be a common mechanism associated with epigenetic aberrations. Methyl group deficiency resulting from dietary methyl source inadequacies, and/or other life-style factors (e.g., alcohol, tobacco, and stress), can lead to global and/or specific DNA methylation changes. For instance, studies on viable yellow (*Avy/a*) mice have shown an association between epigenetic variation in the gene involved in coat coloring and methyl donor supply. Specifically, Wolff *et al.* \[[@B37-nutrients-07-02748]\] reported that feeding pregnant agouti mice methyl-supplemented diets alters epigenetic regulation of the offspring. This finding was confirmed in several independent studies \[[@B38-nutrients-07-02748],[@B39-nutrients-07-02748]\]. The effect of folate deficiency on the phenotype in agouti mice is, probably, the major evidence demonstrating the strong relationship between nutritional factors and epigenetic alterations in the induction of phenotypic generational and trans-generational effects \[[@B40-nutrients-07-02748],[@B41-nutrients-07-02748]\].

![The folate-mediated one-carbon metabolism and interactions with dietary contents. AdoMet: adenosylmethionine, AdoHcy: adenosylhomocysteine, BHMT: Betaine-hydroxymethyl-transferase, DGM: dimethylglycine, EGCG: epigallocatechin-3-gallate, K/R-histone: lysine (K) and arginine (R) in the histone tail, MTs: methyl-transferases; MS-B~12~: methionine synthase linked to the cobalamine (Vitamin B~12~).](nutrients-07-02748-g002){#nutrients-07-02748-f002}
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###### 

Epigenetic processes and possible effects of dietary components.

  Epigenetic Processes                                              Molecular Interference
  ----------------------------------------------------------------- -------------------------------------------------------------------------
  DNA methylation/demethylation                                     Methyl group supply and availability and alteration of AdoMet synthesis
  Expression of FOCM pathway genes                                  
  Aberrant functioning of methyl-CpG-binding proteins               
  DNA-cytosine demethylation                                        
  Chromatin remodeling, histones post-translational modifications   Histone (lysine/arginine) methylation or demethylation
  Histone acetylation or deacetylation                              
  Chromatin remodeling proteins-complex activities                  
  Others and unknown chromatin modifications                        
  miRNA regulation: activation/inhibition                           Specific miRNA activation
  Specific miRNA inhibition                                         

The effect of diet on the phenotype determinism through epigenetic mechanisms has been reported in several independent studies. Specifically, Elango *et al.* \[[@B42-nutrients-07-02748]\] and Hunt *et al.* \[[@B43-nutrients-07-02748]\] demonstrated that either queen or worker phenotype in honeybees is determined through epigenetic changes in DNA methylation patterns induced by different types of honey. This indicates that the genome uses DNA methylation to control the expression of genes involved in core biological mechanisms. Growing evidence showed the significance of DNA methylation aberrations in the pathogenesis of a number of pathologies. Ghoshal *et al.* \[[@B44-nutrients-07-02748]\] reported substantial alterations in the expression of DNMTs and methyl CpG binding proteins at early stages of hepatocarcinogenesis induced by folate and methyl deficiency in Fisher 344 rats. Padmanabhan *et al.* \[[@B45-nutrients-07-02748]\] showed the importance of methionine synthase reductase (MSR), an enzyme involved in the utilization of methyl groups from the folate cycle, in intrauterine growth restriction, developmental delay, neural tube, heart, and placental defects, through trans-generational epigenetic inheritance in mice.

Some dietary components (e.g., EGCG, genistein, zinc, iron) may interact with FOCM at the MTs pathways. Choline is a methyl source that contributes to methionine synthesis throughout the BHMT pathway. The methyl groups from 5methylTHF or methylcobalamine (Vitamin B~12~) are provided throughout the methionine synthesis (MS) pathway.

3.2. Dietary Methyl Group Donors and Histone Modifications
----------------------------------------------------------

Several reports have focused on the direct effect of dietary methyl group inadequacy on the modification of histone proteins. Pogribny *et al.* \[[@B46-nutrients-07-02748]\] demonstrated that feeding rats a methyl donor-deficient diet resulted in loss of histone H3K9 and H4K20 methylation accompanied by a decreased level of Suv4-20h2 and RIZ1 histone methyltransferases. In contrast, feeding mice a methyl donor-balanced diet up-regulates RIZ1, resulting in greater histone H3K9 methylation \[[@B47-nutrients-07-02748]\]. Additionally, Luka *et al.* \[[@B48-nutrients-07-02748]\] showed that nuclear lysine-specific demethylase 1 (LSD1), a flavin-containing enzyme that removes the methyl groups from lysines 4 and 9 of histone 3 with the generation of formaldehyde from the methyl group, is a folate-binding protein. Using a natural pentaglutamate form of THF, the authors observed binding with the highest affinity (*K*~d~ = 2.8 μM) to LSD1. The fact that folate participates in the enzymatic demethylation of histones suggests a new role of folate in the epigenetic control of gene expression at histone level.

3.3. Dietary Methyl Group Donors and miRNAs
-------------------------------------------

Stone *et al.* \[[@B36-nutrients-07-02748]\] applied computational miRNA target prediction methods and Monte Carlo-based statistical analyses to investigate the role of miRNAs in the regulation of folate-mediated one-carbon metabolism pathway and identified two candidates, "master regulators" miRNAs, miR-22 and miR-125, and "master co-regulators" miRNAs, miR-344-5p/484 and miR-488, that may influence the expression of a significant number of genes involved in FOCM. Interestingly, miR-22 and miR-125 were significantly up-regulated in cells grown under low-folate conditions. Although only a few experimental studies showing a link between miRNAs and FOCM, these *in silico* simulations suggest that miRNAs could play an important role in the regulation of the FOCM. Additionally, a recent report by Franchina *et al.* \[[@B49-nutrients-07-02748]\] revealed the involvement of mirR-22, miR-24 and miR-34a in folate pathway. Although only few studies showing a link between miRNAs and FOCM, these *in silico* simulations suggest that miRNAs could play an important role in this metabolism regulation. Indeed, it has been demonstrated recently that miR-22 and miR-29b directly target rat *Mthfr* and *Mat1* genes, respectively \[[@B50-nutrients-07-02748]\].

3.4. Dietary Methyl Group Donors and Fetal Programming
------------------------------------------------------

Increased folate demand during pregnancy is necessary to accommodate both fetal development and placental functionality \[[@B51-nutrients-07-02748],[@B52-nutrients-07-02748]\]. Exogenous stressors in the maternal environment combined with a maladaptation of the placental response result in a small placenta, as is typical of intrauterine growth restriction and preeclampsia \[[@B53-nutrients-07-02748]\]. Fryer *et al.* \[[@B54-nutrients-07-02748]\] found that levels of folate-associated intermediates in cord blood during late pregnancy are negatively correlated with the level of methylation of LINE-1 repetitive elements in cord lymphocyte samples in offspring of mothers taking daily folic acid supplements during pregnancy. These data support the fact that folate and other one-carbon intermediates may determine clinical programming effects via DNA methylation. Dietary restriction of methyl donors during the periconceptual period results in adverse phenotypes in progeny ewes, which has been associated with changes in the DNA methylation status of \~4% of CpG islands studied in the progeny. These findings imply that modification of the epigenetic status of a small subset of genes may be a cause of the programming events \[[@B55-nutrients-07-02748]\].

Fetal life is characterized by a tremendous plasticity and ability to respond to environmental and lifestyle factors, including maternal nutrition. From the single cell to the blastocyst stage of the embryogenesis many changes in global DNA methylation and histone modifications occur. DNA methylation is reduced progressively with cleavage divisions; DNMT1 protein is seemingly excluded from the nucleus during the first three cleavage divisions \[[@B56-nutrients-07-02748]\] accounting for the loss of DNA methylation by a passive mechanism. Almost all DNA methylation patterns are erased as preimplantational embryo development proceeds \[[@B56-nutrients-07-02748]\], and many different types of sequences lose methylation at this stage. DNMT3 predominantly mediates *de novo* DNA methylation, in which the hypermethylated inner cell mass will give rise to the embryo while trophoblastic cells remain hypomethylated. Thus, embryonic development is characterized by a wave of demethylation followed by re-establishment of methylation patterns in developing embryos, which can induce the removal of acquired epigenetic modification. Exposure to a high-fat diet *in utero* might cause a metabolic syndrome-like phenomenon through epigenetic modifications of the expression of insulin-like growth factor 2 (*IGF2*), a candidate in developmental programming and determinant of later adult disease risk \[[@B12-nutrients-07-02748],[@B57-nutrients-07-02748]\].

Taking into account these observations, an altered nutritional status during early life could produce changes in epigenetic marks that have lifelong phenotypic consequences \[[@B39-nutrients-07-02748],[@B58-nutrients-07-02748]\]. Identifying critical windows of sensitivity to epigenetic modulation by dietary compounds is needed to prevent the development of metabolic diseases.

4. Epigenetic Effects of Common Macronutrients Derivatives, Micronutrients and Bioactive Compounds in Modern Diet
=================================================================================================================

Some of the most investigated dietary factors capable of interfering with the epigenetic processes have been reported \[[@B59-nutrients-07-02748]\]. The effects of macronutrient derivatives (e.g., methionine, choline, and betaine) \[[@B60-nutrients-07-02748],[@B61-nutrients-07-02748],[@B62-nutrients-07-02748],[@B63-nutrients-07-02748]\], and micronutrients such as vitamins (e.g., B-vitamins, D vitamin, and retinoic acid \[[@B64-nutrients-07-02748],[@B65-nutrients-07-02748],[@B66-nutrients-07-02748],[@B67-nutrients-07-02748]\], microminerals or trace elements (e.g., iron, zinc and selenium) \[[@B68-nutrients-07-02748],[@B69-nutrients-07-02748],[@B70-nutrients-07-02748]\] and bioactive compounds (e.g., phytochemicals including polyphenols) \[[@B71-nutrients-07-02748],[@B72-nutrients-07-02748]\] on epigenetic processes are summarized in [Table 2](#nutrients-07-02748-t002){ref-type="table"}, [Table 3](#nutrients-07-02748-t003){ref-type="table"} and [Table 4](#nutrients-07-02748-t004){ref-type="table"}, respectively. These dietary compounds are an integral part of everyday nutrition in human populations worldwide, are frequently present in maternal diets, and have been reported to influence epigenetic mechanisms ([Figure 2](#nutrients-07-02748-f002){ref-type="fig"}). For example, an inadequate dietary protein amount, methionine-deficient diet, high-fat diet, or high-glucose diet have been reported to modulate the epigenetic process ([Table 2](#nutrients-07-02748-t002){ref-type="table"}). The phytochemicals lycopene in tomatoes, genistein in soybeans, resveratrol in grapes and berries, sulforaphane in broccoli, epigallocatechin-3-gallate (EGCG) in green tea, or curcumin and allyl sulfur compounds present in spices are among a growing list of agents used in the modern diet that might affect epigenetic mechanisms. We have summarized bioactive agents that are most frequently present in the maternal diet ([Table 4](#nutrients-07-02748-t004){ref-type="table"}). For instance, green tea commonly used by mothers in European countries contains high amount of EGCG. Those who consume black tea or coffee more regularly, have a greater intake of the respective major components of these beverages, theophylline or caffeic acid. Coffee polyphenols such as caffeic acid or chlorogenic acid are catechol-containing polyphenols that act in a similar way to the tea polyphenols. However, the specific epigenetic modulations of these phenolic compounds are not well documented. They can be demethylating agents, inhibiting DNMT1-catalyzed DNA methylation in a concentration-dependent manner, predominantly through a non-competitive mechanism \[[@B73-nutrients-07-02748]\].

Several other dietary epigenetic modulators have been investigated for further understanding of molecular mechanisms underpinning epigenetic effects in the context of chemoprevention \[[@B74-nutrients-07-02748],[@B75-nutrients-07-02748],[@B76-nutrients-07-02748],[@B77-nutrients-07-02748],[@B78-nutrients-07-02748]\]. Some have shown potential to reverse methylation-induced silencing and change the expression of various genes (*i.e.*, DNMT inhibitors). For example, EGCG of green tea extract is a demethylating agent that inhibits catechol-*O*-methyltransferase (COMT), the enzyme responsible for the inactivation of catechol molecules \[[@B79-nutrients-07-02748]\]. This enzyme introduces the methyl group from AdoMet onto the catecholamine group forming AdoHcy, a potent inhibitor of DNMTs. On the other hand, EGCG can form hydrogen bonds with different residues in the catalytic pocket of DNMTs acting as a direct inhibitor of DNMT1. Lycopene, a bright red carotene and carotenoid pigment found in tomatoes and other red fruits and vegetables modulates the expression of numerous genes relevant to cell cycle control \[[@B80-nutrients-07-02748]\]; however, lycopene and apo-10\'-lycopenal are not effective demethylating agents of *GSTP1* in the human LNCaP prostate cancer cell line \[[@B81-nutrients-07-02748]\]. It has been demonstrated that treatment of the MV4-11 leukemia cell line with curcumin decreases global DNA methylation \[[@B82-nutrients-07-02748]\]. Genistein, a major phytoestrogen in soybeans, induces a dose-dependent inhibition of DNMTs. Furthermore, prenatal exposure to genistein affects fetal erythropoiesis and exerts lifelong alterations in gene expression and DNA methylation of hematopoietic cells \[[@B83-nutrients-07-02748]\]. Sulforaphane, a bioactive component of cruciferous vegetables, down-regulates DNMT1 and induces demethylation of the Cyclin D2 (*CCND2*) gene in the human colorectal adenocarcinoma Caco-2 cell line \[[@B84-nutrients-07-02748]\]. A wide variety of cruciferous vegetables contain isothiocyanate compounds, which are known to affect the epigenome. For example, isothiocyanates, metabolites of glucosinolates present in cruciferous vegetables, lead to demethylation and re-expression of *GSTP1* \[[@B85-nutrients-07-02748]\]. Resveratrol, a polyphenol phytoalexin in grape peel and a weak inhibitor of DNMT activity, increases the ability of adenosine analogues to reduce DNA methylation and increase the expression of *RARβ2* in human breast cancer MCF-7 cells \[[@B86-nutrients-07-02748]\].

A number of bioactive agents, in addition to their ability to affect DNA methylation, induce changes in histone modifications and regulate gene expression \[[@B87-nutrients-07-02748]\]. For instance, EGCG has been shown to affect HAT and HDAC activities as it has been reported to be the most potent HAT inhibitor \[[@B88-nutrients-07-02748]\]. Quercetin, a flavonoid abundant in onions, green tea, apples, and berries, has been reported to exhibit potential to activate HATs and inhibit HDACs \[[@B89-nutrients-07-02748]\]. Resveratrol, butyrate, sulforaphane, and diallyl sulfide inhibit HDACs, whereas curcumin inhibits HAT activity via covalent binding to HAT enzymes. In addition to the HAT-inhibitory effect, it has been shown that curcumin also prevents histone hyperacetylation by induction of HDACs \[[@B73-nutrients-07-02748]\]. Although it is accepted that curcumin functions as a histone modifier, its activity toward other histone modifying enzymes such as HDACs, SIRTs, and HMTs remains controversial.

In regard to miRNAs, the understanding of the effect of dietary components on miRNA expression is currently limited; however, few studies have identified effects on specific miRNA targets. Ross and Davis \[[@B90-nutrients-07-02748]\] reported that bioactive food components protect against cancer through modulation of miRNA expression. Natural food compounds, including EGCG, curcumin, genistein, sulforaphane, and resveratrol, have anticancer properties through miRNA regulation \[[@B91-nutrients-07-02748]\].

5. Future Considerations of Dietary Epigenetic Modulators
=========================================================

It is well-established that maternal diet may have a lifelong effect on an offspring's genome and potentially influence susceptibility to complex diseases in adulthood. In light of this, awareness of nutrient supply during pregnancy is currently unsatisfactory and should be improved to protect against adverse fetal programming and susceptibility to complex diseases in adulthood. Emerging evidence has revealed that some components in the maternal diet can directly or indirectly affect DNA methylation, histone modifications, or miRNA expression ([Figure 1](#nutrients-07-02748-f001){ref-type="fig"}). The field of nutritional epigenetics is growing rapidly and we are only beginning to understand the complexity of gene regulation through this mechanism. However, it is clear that some dietary components contribute actively to epigenetic mechanisms and modulate the expression of a number of genes. The particular effect of each type of those dietary epigenetic modulators or their combination on fetal life remains questionable because of insufficient data and serious methodological limitations. Additionally, it is conceivable to anticipate that new or unsuspected biological activity may emerge from a manufactured or engineered diet. A major feature of epigenetic mechanisms is their modulation responsiveness, which makes possible early-life nutritional intervention to modify long-term disease risk. However, this modification may be possible only for specific windows of epigenetic change, which makes the identification of such windows of great importance. Additionally, improving the environment to which the fetus/infant is exposed during critical windows of development may be as important as other public health efforts to prevent long term diseases.

Although it is conceivable that dietary components should positively affect maternal health and fetal development, the first question arising at this level is of the influence on fetal programming in an excess or deficiency of dietary factors. The second question is on the impact of these "dietary epigenetic modulators" on an individual genetically predisposed (individual susceptibility) for developing a particular disease, including transgenerational effects. Finally, the question of the combined effects of different dietary epigenetic modulators or chronic exposures to a dietary epigenetic modulator requires investigation, taking into account genetic profiles characterized by the presence of identified functional single nucleotide polymorphisms \[[@B92-nutrients-07-02748],[@B93-nutrients-07-02748]\].
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Relevant studies on macronutrients, macronutrient derivatives (choline, betaine), nutrition condition and epigenetic interference.

  Macronutrient                Dietary Compounds                                                                      Epigenetic Interference                                                                                                                                                   
  ---------------------------- -------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------- -----------------------------------------------------------
  Protein                      Low protein diet                                                                       \[[@B93-nutrients-07-02748],[@B94-nutrients-07-02748]\]                                                       \[[@B94-nutrients-07-02748]\]                               \[[@B95-nutrients-07-02748]\]
  Lipids                       High-fat                                                                               \[[@B96-nutrients-07-02748],[@B97-nutrients-07-02748],[@B98-nutrients-07-02748],[@B99-nutrients-07-02748]\]   \[[@B12-nutrients-07-02748],[@B100-nutrients-07-02748]\]    \[[@B101-nutrients-07-02748],[@B102-nutrients-07-02748]\]
  Fatty acids                  \[[@B103-nutrients-07-02748]\]                                                                                                                                                                                                                                   
  Choline                      \[[@B104-nutrients-07-02748],[@B105-nutrients-07-02748]\]                              \[[@B106-nutrients-07-02748]\]                                                                                \[[@B107-nutrients-07-02748]\]                              
  Betaine                      \[[@B108-nutrients-07-02748]\]                                                                                                                                                                                                                                   
  Carbohydrate                 High-glucose                                                                           \[[@B109-nutrients-07-02748]\]                                                                                \[[@B110-nutrients-07-02748],[@B111-nutrients-07-02748]\]   
  Fiber: butyrate              \[[@B112-nutrients-07-02748],[@B113-nutrients-07-02748],[@B114-nutrients-07-02748]\]   \[[@B112-nutrients-07-02748]\]                                                                                                                                            
  Nutrition conditions         Undernutrition: Calorie restriction                                                    \[[@B113-nutrients-07-02748],[@B115-nutrients-07-02748]\]                                                     \[[@B113-nutrients-07-02748],[@B114-nutrients-07-02748]\]   
  Overfeeding: High calories   \[[@B116-nutrients-07-02748]\]                                                                                                                                                                                                                                   
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The effects of micronutrients, vitamins, and trace elements on epigenetic processes.

  Micronutrient                                     Dietary Compound *Source*                                                             Epigenetic Interference                                                                                                                                                                                  
  ------------------------------------------------- ------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------- -----------------------------------------------------------
  Vitamins                                          Folate/methyl-deficient diet *Vegetables, cereals, yeast*                             \[[@B117-nutrients-07-02748],[@B118-nutrients-07-02748],[@B119-nutrients-07-02748],[@B120-nutrients-07-02748]\]   \[[@B121-nutrients-07-02748],[@B122-nutrients-07-02748],[@B123-nutrients-07-02748]\]   \[[@B124-nutrients-07-02748],[@B125-nutrients-07-02748]\]
  Ascorbate *Fruits and vegetables*                 \[[@B126-nutrients-07-02748]\]                                                                                                                                                                                                                                                                 
  Retinoic acid *Yellow and orange fruits*          \[[@B65-nutrients-07-02748],[@B127-nutrients-07-02748],[@B128-nutrients-07-02748]\]   \[[@B129-nutrients-07-02748],[@B130-nutrients-07-02748],[@B131-nutrients-07-02748],[@B132-nutrients-07-02748]\]   \[[@B131-nutrients-07-02748],[@B133-nutrients-07-02748]\]                              
  Biotin *Yeast, egg yolk, grains*                                                                                                        \[[@B122-nutrients-07-02748],[@B134-nutrients-07-02748]\]                                                                                                                                                
  Tocopherol (vitamine E) *Grains, nuts and oils*   \[[@B135-nutrients-07-02748]\]                                                        \[[@B136-nutrients-07-02748]\]                                                                                                                                                                           
  Trace elements                                    Zinc *Meat, seafood, whole grains*                                                    \[[@B137-nutrients-07-02748]\]                                                                                                                                                                           
  Copper *Seafood, nuts, legumes, meats*                                                                                                                                                                                                                    \[[@B138-nutrients-07-02748]\]                                                         
  Selenium *Meat, seafood, whole grains*            \[[@B139-nutrients-07-02748],[@B140-nutrients-07-02748]\]                                                                                                                                                                                                                                      
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###### 

The effects of dietary phytochemicals effect on epigenetic processes summarized from literature \*.

  Dietary Compounds *Source*                           Epigenetic Interference           
  ---------------------------------------------------- ------------------------- ------- -------
  Epigallocatechin-3-gallate *Green tea*               Known                             
  6-methoxy-2^E^,9^E^-humuladien-8-one *Ginger*                                  Known   
  Allylmercaptant, allyl-derivates *Garlic*            Known                     Known   
  Anacardic acid *Cashew nut*                          Known                             
  Biochanin A *Soy*                                    Known                     Known   
  Caffeic acid, chlorogenic acid *Coffee*              Known                     Known   
  Catechin *Green tea*                                 Known                     Known   
  Coumaric acid, cinnamic acid *Cinnamon*              Known                     Known   
  Curcumin *Curcuma*                                   Known                     Known   Known
  Epicatechin *Apples, cocoa*                          Known                             
  Epigallocatechin-3-gallate *Green tea*               Known                     Known   
  Genistein *Soy*                                      Known                     Known   Known
  Isothiocyanates *Broccoli*                           Known                             
  Lycopene *Tomatoes, apricots*                        Known                     Known   
  Protocatechuric acid *Olives*                        Known                             
  QuercetinC *itrus, buckwheat, apple, berries, tea*   Known                     Known   
  Resveratrol *Grape, blueberries, peanut*             Known                     Known   
  Rosmarinic *Rosemary*                                Known                             
  Sinapic acid *Mustard*                               Known                             
  Sulforaphane *Broccoli*                              Known                     Known   
  Syringic acid *Red grape*                            Known                     Known   
  Theophylline *Black and green tea*                                             Known   

\*: Relevant references: \[[@B71-nutrients-07-02748],[@B83-nutrients-07-02748],[@B85-nutrients-07-02748],[@B87-nutrients-07-02748],[@B89-nutrients-07-02748],[@B141-nutrients-07-02748],[@B142-nutrients-07-02748],[@B143-nutrients-07-02748],[@B144-nutrients-07-02748]\].

Depending on the tissues, hyper- or hypo-methylation, or other epigenetic modifications induced by diet may be beneficial for some genes, but deleterious for the normal expression of other genes. In this context, a strategy for food safety and disease prevention should be considered and exercised in interpreting and/or extrapolating the results of experimental studies and *in vitro* studies of "dietary epigenetic modulators" to humans. Future research will help to enhance our understanding of their impacts on the nutritional programming of epigenetic states in early life and effect on biological function. One anticipated result is that these "dietary epigenetic modulators" could be identified as nutraceuticals and the next, and most important step, would be to determine the effective and optimal doses to achieve various beneficial effects during the mother-child metabolic interaction. The daily diet of humans consists of approximately 50--60 mmol of methyl groups. Perhaps, we need to reconsider the optimal need during the perinatal period and investigate events that can influence epigenome, inducing significant long-term health effects in adulthood. Determining the impact of domestic cooking modes or industrial treatment on the functional quality of these "dietary epigenetic modulators" also requires investigation. Addressing these questions may open up a new research field of nutritional epigenetics that should contribute to public policy guidance that will teach optimal, rather than minimal, dose levels to meet both fetal and maternal needs and health.

6. Conclusions
==============

In conclusion, dietary components have a strong impact upon epigenetic processes and metabolic programing during sensitive periods of fetal and early postnatal periods. Understanding how nutritional manipulations alter the epigenetic machinery to affect metabolic genes may help to better identify strategies for the successful prevention of adult chronic diseases.
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